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Purpose: To evaluate in-vivo thrombus compressibility in abdominal aortic aneurysms
(AAAs) to hopefully shed light on the biomechanical importance of intraluminal thrombus.
Methods: Dynamic electrocardiographically-gated computed tomographic angiography
was performed in 17 AAA patients (15 men; mean age 73 years, range 69–76): 11 scheduled
for surgical repair and 6 under routine surveillance. The volumes of intraluminal thrombus,
the lumen, and the total aneurysm were quantified for each phase of the cardiac cycle.
Thrombus compressibility was defined as the percent change in thrombus volume
between diastole and peak systole. Continuous data are presented as medians and
interquartile ranges (IQR).
Results: A substantial interpatient variability was observed in thrombus compressibility,
ranging from 0.4% to 43.6% (0.2 to 13.5 mL, respectively). Both thrombus and lumen
volumes varied substantially during the cardiac cycle. As lumen volume increased (5.2%,
IQR 2.8%–8.8%), thrombus volume decreased (3.0%, IQR 1.0%–4.6%). Total aneurysm
volume remained relatively constant (1.3%, IQR 0.4–1.9%). Changes in lumen volume were
inversely correlated with changes in thrombus volume (r520.73; p50.001).
Conclusion: In-vivo thrombus compressibility varied from patient to patient, and this
variation was irrespective of aneurysm size, pulse pressure, and thrombus volume. This
suggests that thrombus might act as a biomechanical buffer in some, while it has virtually
no effect in others. Whether differences in thrombus compressibility alter the risk of
rupture will be the focus of future research.
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Elective aneurysm repair aims to prevent
aneurysm rupture and is considered when the
See commentary page 320
risk of rupture exceeds the risks of repair.1 In
general, an abdominal aortic aneurysm (AAA)
larger than 5.5 cm is repaired, whereas small
AAAs (,5.5 cm) are kept under surveillance.
This commonly used 5.5-cm threshold for
intervention was confirmed in 2 large clinical
trials that showed a low annual rupture risk
(0.6%–1%) in small AAAs.2–4 However, as 60%
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of all patients in the observation groups
underwent elective repair for rapid expansion
or symptoms, it is questionable whether
these data accurately reflect the natural
history of AAA.5 The simple observation that
even small aneurysms rupture questions the
validity of maximum diameter as the single
criterion for surgical intervention.1,6,7
To differentiate rupture-prone from ‘‘sta-
ble’’ aneurysms, several investigators have
focused on the biomechanical properties of
associated intraluminal thrombus and sug-
gested that thrombus could act as a potential
mechanical buffer or cushion.8–10 Results
from these studies were, however, based
upon 2-dimensional testing of relatively well
organized thrombus and little is known about
the biomechanical role of thrombus in vivo.
We used dynamic electrocardiographically
(ECG)-gated computed tomographic angiog-
raphy (CTA) and volumetric analysis to quan-
tify changes in thrombus volume (compress-
ibility) during the cardiac cycle.
METHODS
Patient Characteristics and
Data Acquisition
Under a protocol approved by the local
ethics committee and with written patient
consent, dynamic CTA was performed in 17
consecutive AAA patients (15 men; mean age
73 years, range 69–76) scheduled for diag-
nostic CTA imaging. Patient medical history
and use of medication were prospectively
collected and are summarized in the Table.
All patients were scanned using a 64-slice CT
scanner (Somatom Sensation; Siemens, Er-
langen, Germany) and simultaneous ECG
registration. Data acquisition started after
reaching a predefined contrast enhancement
threshold (bolus triggering), seconds after
intravenous contrast administration (Xenetix
350; Guerbet, Paris, France). Radiation dose
and scanning parameters were similar to
conventional CTA and included a tube voltage
of 120 kV/120 mAs and a pitch of 0.34.
Reconstruction of the raw data resulted in 1-
mm slice thickness with 0.75-mm overlap.
Blood pressure was recorded before and
directly after CT data acquisition using a
standard cuff. Systemic pulse pressure was
calculated by subtracting diastolic from sys-
tolic blood pressure.
Image Postprocessing
Based upon the simultaneously acquired
CTA and ECG information, 10 datasets per
patient were created to represent a different
phase of the cardiac cycle (one tenth of the R-R
interval) and covered the entire abdominal
aortic volume (from distal renal to iliac bifur-
cation). Based upon these reconstructions, 170
3-dimensional (3D) aneurysm models were
created (Fig. 1), representing 10 complete 3D
aneurysm models per patient, one for each
segment of the R-R interval.
Volumetric Analysis
Thrombus, lumen, and total aneurysm
volumes were quantified from the distal renal
artery to the iliac bifurcation. The models with
maximal and minimal lumen volumes were
considered to represent peak systole and
minimum diastole. Thrombus compressibility
was defined as the difference in thrombus
volume between peak systole and minimum
diastole and is expressed as the relative or
¤ ¤
TABLE
Patient Demographics
Age, y 73 (69–76)
Men 15 (88%)
Hypertension* 13 (77%)
Hypercholesterolemia{ 12 (71%)
Diabetes mellitus 1 (6%)
CAD 5 (29%)
COPD 3 (18%)
Stroke 5 (29%)
PAOD 5 (29%)
Smoking, current 12 (71%)
Anticoagulant therapy{ 15 (88%)
Lipid-lowering therapy 11 (65%)
Antihypertensive therapy 10 (59%)
¤ ¤
Continuous data are presented as means (range);
categorical data are given as counts (percentages).
CAD: coronary artery disease, COPD: chronic
obstructive pulmonary disease, PAOD: peripheral
artery occlusive disease.
* Use of antihypertensive medication or recorded
systolic blood pressure .140 mmHg.
{ Use of lipid lowering therapy (e.g., statin) or LDL
cholesterol .240 mg/dL.
{ Aspirin or warfarin derivates.
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percent change in thrombus volume. Image
postprocessing and volumetric analysis were
performed using validated proprietary soft-
ware (M2S, Inc. West Lebanon, NH, USA).
Statistical Analysis
Continuous data are reported as median
with interquartile range (IQR); p,0.05 was
considered significant. Changes in intralumi-
nal thrombus, lumen, and total aneurysm
volumes were analyzed using the Wilcoxon
signed rank test for paired nonparametric data.
The Spearman correlation coefficient was
calculated to assess any correlation between
changes in thrombus, lumen, and total aneu-
rysm volumes. Any relationships between
changes in thrombus volume and aneurysm
size, pulse pressure, and total intraluminal
thrombus volume were analyzed by means of
a Spearman correlation test. Statistical analy-
sis was performed using SPSS (version 14.0;
SPSS Inc., Chicago, IL, USA).
RESULTS
Median aneurysm size was 54 mm (IQR 45–
55). Thrombus was present in all AAAs;
median thrombus volume was 50.1 mL (IQR
35.7–112.0). A substantial interpatient vari-
ability was observed in thrombus compress-
ibility ranging from 0.4% to 43.6% (0.2 to
13.5 mL, respectively). Both thrombus and
lumen volumes (Fig. 2) changed considerably
during the cardiac cycle (p,0.001). As lumen
volume increased (5.2%, IQR 2.8%–8.8%),
thrombus volume decreased (3.0%, IQR
1.0%–4.6%). Total aneurysm volume re-
mained relatively constant (1.3%, IQR 0.4%–
1.9%). Changes in lumen volume were in-
versely correlated with changes in thrombus
volume (r520.73; p50.001; Fig. 3) but not to
changes in total aneurysm volume (r50.01;
p50.97). Thrombus volume was positively
correlated with aneurysm size (r50.74;
p50.001), while thrombus compressibility
was not correlated with aneurysm size
(r50.07; p50.8), total thrombus volume
(r50.21; p50.4), or pulse pressure (r50.1;
p50.7).
Figure 1¤ Image postprocessing. (A) Segmenta-
tion identifies the aneurysm’s lumen (L), thrombus
(T), and calcified plaque (P). (B) Based upon the
segmentation, a 3D aneurysm model was created
to calculate thrombus, lumen, and total aneurysm
volumes.
Figure 2¤Changes in lumen (A), thrombus (B),
and total AAA (C) volumes during the cardiac cycle
in the 17 individual aneurysm patients.
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DISCUSSION
During the cardiac cycle, changes in throm-
bus volume are inversely correlated to chang-
es in lumen volume. As lumen volume
increases, thrombus volume decreases. This
compensatory volume effect of thrombus
was, however, not observed in all patients,
which strongly suggests that thrombus could
act as a biomechanical buffer in some, while it
has little to no effect in others. The observed
differences in thrombus compressibility are
not correlated with aneurysm size. This is of
particular interest as it shows that ECG-gated
CTA has the potential to quantify differences in
thrombus compressibility for equally sized
AAA. Future studies will have to focus on the
possible effect of differences in thrombus
compressibility on aneurysm rupture risk.
The effect of thrombus on rupture risk is con-
troversial. Previous imaging studies showed
increased thrombus volume in expanding and
ruptured AAA.11,12 This, however, could simply
result from the fact that large aneurysms have
an increased risk of rupture and also contain
more thrombus.13–15 A later study confirmed
this theory, showing no difference in thrombus
volume between diameter-matched intact and
ruptured AAAs.16 Results from the present
study support these findings, as large AAAs
contained more thrombus. Interestingly,
thrombus compressibility was not related to
thrombus volume or pulse pressure and there-
fore most likely results from intrinsic biome-
chanical properties of thrombus.
The development of intraluminal thrombus
is a complex and dynamic process. Near the
luminal surface, fibrin is deposited by pene-
trating platelets, resulting in a dense luminal
layer. At the abluminal surface, thrombus
contains fewer viable cells and shows in-
creased fibrin degradation.17 This remodeling
process results in different biomechanical
properties for different thrombi and even for
different layers within the same thrombus.9
The net effect of this rather heterogeneous
material on pressure transmission and aneu-
rysm rupture risk has been studied extensively.
Based upon in-vitro studies, it was postulated
that aneurysm wall stress and thus rupture risk
is reduced in the presence of thrombus.10,18–20
Although this is an important finding, it results
from in-vitro testing of excised, well-structured
thrombus. Because of the limitations related to
in-vitro biomechanical testing, extrapolating
experimental data to in-vivo thrombus dynam-
ics might be inappropriate. The present study
using dynamic ECG-gated CTA describes the
distinct in-vivo response of different thrombi in
3 dimensions.
Previous studies using dynamic CTA
and magnetic resonance angiography have
shown 2D changes in AAA geometry during
the cardiac cycle and addressed the possible
impact of dynamic imaging on patient selec-
tion for endovascular aneurysm repair.21–23
The current study focused on the potential of
dynamic CTA to quantify 3D changes in
thrombus volume (compressibility) and the
possible impact on aneurysm biomechanics.
This required a novel approach using dynam-
ic CTA and advanced 3D volumetric analysis.
As with any measurement, the accuracy of
3D volumetric analysis depends on many
factors, including pixel spacing, slice spacing,
and size of the volume being measured. The
smaller the volume, the more uncertainty
there is in the measurement. However, the
software used in this study is widely recog-
nized as an accurate tool for measuring AAA
volumes: using standard CT scanning param-
eters (2-mm slice spacing, 0.74-mm pixel
spacing) results in accurate (to ,2%) volume
measurements for blood vessels.
Limitations
A possible limitation of the current study is
that the data do not provide information on the
Figure 3¤Correlation between changes in throm-
bus and lumen volume during the cardiac cycle.
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biomechanical properties of the aneurysm wall.
If we assume a completely rigid aneurysm wall
lined with an extremely compliant thrombus, it
requires little force to compress the thrombus.
The remaining force will still be exerted to the
rigid aneurysm wall, leaving total aneurysm
volume unchanged. However, even in this
rather hypothetical situation, thrombus de-
forms and thus absorbs energy. In addition,
our results are in line with a previous 8-patient
dynamic ultrasound imaging study that sug-
gested that thrombus acts as a biomechanical
buffer.24 However, we observed larger varia-
tions in thrombus compressibility (ranging
from 0.1% to 43.6%) and therefore assumed
that thrombus could act as a biomechanical
buffer in some patients and not in others.
Conclusion
In-vivo thrombus compressibility varies con-
siderably from patient to patient, and this
variation is irrespective of aneurysm size, pulse
pressure, and thrombus volume. This suggests
that intraluminal thrombus might act as a
biomechanical buffer in some, while it has
virtually no effect in others. Whether differenc-
es in thrombus compressibility alter the risk of
rupture will be the focus of future research.
REFERENCES
1. Fillinger M. Who should we operate on and
how do we decide: predicting rupture and
survival in patients with aortic aneurysm.
Semin Vasc Surg. 2007;20:121–127.
2. Lederle FA, Wilson SE, Johnson GR, et al.
Immediate repair compared with surveillance
of small abdominal aortic aneurysms. N Engl J
Med. 2002;346:1437–1444.
3. UK Small Aneurysm Trial. Mortality results for
randomised controlled trial of early elective
surgery or ultrasonographic surveillance for
small abdominal aortic aneurysms. The UK
Small Aneurysm Trial Participants. Lancet.
1998;352:1649–1655.
4. Brown LC, Powell JT. Risk factors for aneurysm
rupture in patients kept under ultrasound
surveillance. UK Small Aneurysm Trial Partic-
ipants. Ann Surg. 1999;230:289–296.
5. Brewster DC, Cronenwett JL, Hallett JW, et al.
Guidelines for the treatment of abdominal aortic
aneurysms. Report of a subcommittee of the
Joint Council of the American Association for
Vascular Surgery and Society for Vascular
Surgery. J Vasc Surg. 2003;37:1106–1117.
6. Darling RC, Messina CR, Brewster DC, et al.
Autopsy study of unoperated abdominal aortic
aneurysms. The case for early resection. Cir-
culation. 1977;56:II161–II164.
7. Nicholls SC, Gardner JB, Meissner MH, et al.
Rupture in small abdominal aortic aneurysms.
J Vasc Surg. 1998;28:884–888.
8. Gasser TC, Gorgulu G, Folkesson M, et al. Failure
properties of intraluminal thrombus in abdom-
inal aortic aneurysm under static and pulsating
mechanical loads. J Vasc Surg. 2008;48:179–188.
9. Wang DH, Makaroun M, Webster MW, et al.
Mechanical properties and microstructure of
intraluminal thrombus from abdominal aortic
aneurysm. J Biomech Eng. 2001;123:536–539.
10. van Dam EA, Dams SD, Peters GW, et al. Non-
linear viscoelastic behavior of abdominal aor-
tic aneurysm thrombus. Biomech Model Mech-
anobiol. 2008;7:127–137.
11. Wolf YG, Thomas WS, Brennan FJ, et al.
Computed tomography scanning findings asso-
ciated with rapid expansion of abdominal aortic
aneurysms. J Vasc Surg. 1994;20:529–535.
12. Stenbaek J, Kalin B, Swedenborg J. Growth of
thrombus may be a better predictor of rupture
than diameter in patients with abdominal
aortic aneurysms. Eur J Vasc Endovasc Surg.
2000;20:466–469.
13. Golledge J, Wolanski P, Parr A, et al. Measure-
ment and determinants of infrarenal aortic
thrombus volume. Eur Radiol. 2008;18:1987–
1994.
14. Hans SS, Jareunpoon O, Balasubramaniam M,
et al. Size and location of thrombus in intact
and ruptured abdominal aortic aneurysms.
J Vasc Surg. 2005;41:584–588.
15. Roberts WC, Ko JM, Pearl GJ. Relation of
weights of intraaneurysmal thrombi to maximal
right-to-left diameters of abdominal aortic an-
eurysms. Am J Cardiol. 2006;98:1519–1524.
16. Fillinger MF, Racusin J, Baker RK, et al.
Anatomic characteristics of ruptured abdomi-
nal aortic aneurysm on conventional CT scans:
implications for rupture risk. J Vasc Surg.
2004;39:1243–1252.
17. Adolph R, Vorp DA, Steed DL, et al. Cellular
content and permeability of intraluminal throm-
bus in abdominal aortic aneurysm. J Vasc Surg.
1997;25:916–926.
18. Wang DH, Makaroun MS, Webster MW, et al.
Effect of intraluminal thrombus on wall stress
in patient-specific models of abdominal aortic
aneurysm. J Vasc Surg. 2002;36:598–604.
318 CHANGES IN AAA THROMBUS VOLUME
Truijers et al.
J ENDOVASC THER
2009;16:314–319
19. Di Martino ES, Vorp DA. Effect of variation in
intraluminal thrombus constitutive properties
on abdominal aortic aneurysm wall stress.
Ann Biomed Eng. 2003;31:804–809.
20. Vande Geest JP, Sacks MS, Vorp DA. A planar
biaxial constitutive relation for the luminal
layer of intra-luminal thrombus in abdominal
aortic aneurysms. J Biomech. 2006;39:2347–
2354.
21. Teutelink A, Rutten A, Muhs BE, et al. Pilot
study of dynamic cine CT angiography for the
evaluation of abdominal aortic aneurysms:
implications for endograft treatment. J Endo-
vasc Ther. 2006;13:139–144.
22. Muhs BE, Vincken KL, van Prehn J, et al. Dynamic
cine-CT angiography for the evaluation of the
thoracic aorta; insight in dynamic changes with
implications for thoracic endograft treatment.
Eur J Vasc Endovasc Surg. 2006;32:532–536.
23. Vos AW, Wisselink W, Marcus JT, et al. Cine MRI
assessment of aortic aneurysm dynamics before
and after endovascular repair. J Endovasc Ther.
2003;10:433–439.
24. Vorp DA, Mandarino WA, Webster MW, et al.
Potential influence of intraluminal thrombus
on abdominal aortic aneurysm as assessed by
a new non-invasive method. Cardiovasc Surg.
1996;4:732–739.
J ENDOVASC THER
2009;16:314–319
CHANGES IN AAA THROMBUS VOLUME 319
Truijers et al.
